Mangrove wetland restoration and creation efforts are increasingly proposed as mechanisms to compensate for mangrove wetland losses. However, ecosystem development and functional equivalence in restored and created mangrove wetlands are poorly understood. We compared a 20-year chronosequence of created tidal wetland sites in Tampa Bay, Florida (USA) to natural reference mangrove wetlands. Across the chronosequence, our sites represent the succession from salt marsh to mangrove forest communities. Our results identify important soil and plant structural differences between the created and natural reference wetland sites; however, they also depict a positive developmental trajectory for the created wetland sites that reflects tightly coupled plant-soil development. Because upland soils and/or dredge spoils were used to create the new mangrove habitats, the soils at younger created sites and at lower depths (10-30 cm) had higher bulk densities, higher sand content, lower soil organic matter (SOM), lower total carbon (TC), and lower total nitrogen (TN) than did natural reference wetland soils. However, in the upper soil layer (0-10 cm), SOM, TC, and TN increased with created wetland site age simultaneously with mangrove forest growth. The rate of created wetland soil C accumulation was comparable to literature values for natural mangrove wetlands. Notably, the time to equivalence for the upper soil layer of created mangrove wetlands appears to be faster than for many other wetland ecosystem types. Collectively, our findings characterize the rate and trajectory of above-and below-ground changes associated with ecosystem development in created mangrove wetlands; this is valuable information for environmental managers planning to sustain existing mangrove wetlands or mitigate for mangrove wetland losses.
ABSTRACT
Mangrove wetland restoration and creation efforts are increasingly proposed as mechanisms to compensate for mangrove wetland losses. However, ecosystem development and functional equivalence in restored and created mangrove wetlands are poorly understood. We compared a 20-year chronosequence of created tidal wetland sites in Tampa Bay, Florida (USA) to natural reference mangrove wetlands. Across the chronosequence, our sites represent the succession from salt marsh to mangrove forest communities. Our results identify important soil and plant structural differences between the created and natural reference wetland sites; however, they also depict a positive developmental trajectory for the created wetland sites that reflects tightly coupled plant-soil development. Because upland soils and/or dredge spoils were used to create the new mangrove habitats, the soils at younger created sites and at lower depths (10-30 cm) had higher bulk densities, higher sand content, lower soil organic matter (SOM), lower total carbon (TC), and lower total nitrogen (TN) than did natural reference wetland soils. However, in the upper soil layer (0-10 cm), SOM, TC, and TN increased with created wetland site age simultaneously with mangrove forest growth. The rate of created wetland soil C accumulation was comparable to literature values for natural mangrove wetlands. Notably, the time to equivalence for the upper soil layer of created mangrove wetlands appears to be faster than for many other wetland ecosystem types. Collectively, our findings characterize the rate and trajectory of above-and below-ground changes associated with ecosystem development in created mangrove wetlands; this is valuable information for environmental managers planning to sustain existing mangrove wetlands or mitigate for mangrove wetland losses.
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INTRODUCTION
In the last several decades, wetland restoration and creation efforts have been increasingly utilized to compensate for ecosystem goods and services lost due to wetland damage or removal. With proper planning and implementation, restoration and creation can help improve degraded landscapes by reestablishing wetlands at local and regional scales. However, there has been some concern and evidence that, within a regulatory or environmental management time frame (that is, years, decades), many restored and created wetlands are not becoming functionally equivalent to their natural counterparts (Zedler and Callaway 1999; Craft and others 2003; Bruland and Richardson 2006; Ballantine and Schneider 2009; Stagg and Mendelssohn 2010; Hossler and others 2011) . Targeted decadal-scale research at restoration and creation sites has, to a certain extent, helped identify successful practices, detect shortcomings, and test and refine our understanding of wetland successional processes and functioning. However, decadal-scale research requires decadal-scale datasets, and our understanding of post-restoration and post-creation wetland ecosystem development and functional equivalence is limited by the availability of such data (Zedler 2000) . As a result, we know more about wetland restoration and creation outcomes in some wetland ecosystem types (for example, salt marshes, freshwater marshes, prairie potholes) than in others where older sites are less prevalent or less studied. For example, despite the widespread interest in restoring mangrove wetlands, data quantifying successful restoration of mangrove wetland ecosystem functions are rare (but see: Ellison 2000; Lewis and Gilmore 2007; Bosire and others 2008; Lewis 2009 ).
Mangrove wetlands are highly productive salttolerant forested ecosystems distributed globally along sheltered tropical and subtropical coastlines (Tomlinson 1995) . Despite the array of ecosystem goods and services supported by mangrove wetlands (for example, carbon [C] burial, fisheries habitat, forest products, erosion protection, water quality improvement; Ewel and others 1998; Barbier and others 2010; Spalding and others 2010) , global mangrove wetland losses have been high in recent decades reaching approximately 0.7-1% global area loss per year primarily due to agricultural expansion, aquaculture, urbanization, and overharvesting (FAO 2007; Giri and others 2008; Spalding and others 2010; Giri and others 2011) . In response, large-scale mangrove wetland restoration and creation efforts have been implemented in many parts of the world (Lewis 2005 (Lewis , 2009 ). However, due to insufficient design, monitoring, and long-term research, there is much to learn about the rate and trajectory of ecosystem development following mangrove wetland restoration and creation (reviewed by : Ellison 2000; Bosire and others 2008; Lewis 2009 ). In particular, we lack a developed understanding of how restored and created mangrove plant communities, soil properties, and soil-dependent ecosystem functions develop. Because prior work suggests that specific hydrologic regimes and natural plant recruitment processes are required for ensuring plant community development and long-term mangrove wetland restoration success (Kaly and Jones 1998; Lewis 2005; Friess and others 2011) , ecosystemlevel studies that assess vegetation change via natural processes, as well as concomitant soil processes, play an important role in determining the viability and success of restoration and creation efforts.
Mangrove wetlands are among the most C-rich ecosystems on earth due to a combination of high primary productivity and slow microbial decomposition rates (Duarte and Cebriá n 1996; Chmura and others 2003; Donato and others 2011) . Some mangrove wetlands have layers of organic matter (that is, peat) that extend several meters or more beneath the soil surface (McKee and others 2007a; Donato and others 2011), and high plant productivity (for example, root production, surficial mat formation) in natural mangrove ecosystems can drive relatively rapid gains in soil accumulation in some settings (Middleton and McKee 2001; McKee and others 2007a; McKee 2010) . Prior research has examined mangrove forest and soil development on newly available substrates (for example, smothered coral reefs and rapidly accreting shorelines: Alongi and others 2008; Lovelock and others 2010, respectively) and in mangrove forest plantations managed for wood production (Alongi and others 2001; Morrisey and others 2003; Alongi and others 2004; Ren and others 2008; Alongi 2011) . However, to our knowledge, there are only two studies that have compared soil properties and/or soil processes in natural to restored or created mangrove wetland ecosystems (McKee and Faulkner 2000; Vovides and others 2010) .
In this study, we used a 20-year chronosequence of created tidal wetlands in Tampa Bay, Florida (USA) to investigate the rate and trajectory of ecosystem development following mangrove wetland creation. We compared created wetlands of different ages (2-20 years) with natural reference Ecosystem Change After Mangrove Wetland Creation wetlands. Created tidal wetlands in Tampa Bay are often excavated to an acceptable tidal datum and planted with native salt marsh grasses to create immediate structural habitat, stabilize substrates, and accelerate secondary succession (Lewis and Dunstan 1975; Lewis 1982) . Based upon reports for the region indicating high natural mangrove recruitment in created tidal wetlands and highlighting the potential facilitative role that salt marsh grasses can play during mangrove forest development (Lewis and Dunstan 1975; Crewz and Lewis 1991; Lewis and others 2005; Shafer and Roberts 2008; Smith and others 2009) , we expected that within the 20-year chronosequence represented by our data, the created tidal wetland sites would successfully transition from salt marsh to mangrove forest. Our vegetation measurements compared structural properties in created and natural mangrove wetlands quantifying the rate and trajectory of the salt marsh to mangrove forest transition. Our soil measurements focused upon metrics related to peat development following mangrove wetland creation; we quantified soil C and nitrogen (N) accumulation after mangrove wetland creation and compared the soil C and N pools in created and natural mangrove wetlands. Given the potential for relatively rapid plant-driven soil change and C accumulation in natural mangrove wetlands (McKee 2010; Mcleod and others 2011) , our hypotheses were that soil change in created mangrove wetlands would be relatively rapid compared to other created and restored wetland types and that created mangrove wetland soil change would be plant-driven and tightly linked to mangrove forest growth.
In a broad sense, our research addresses the following three questions: (1) how similar are created and natural mangrove wetland ecosystems; (2) how quickly do mangrove wetland plant and soil properties develop after creation; and (3) how does the rate and trajectory of ecosystem development in created mangrove wetlands compare to other tidal and non-tidal created and restored wetland ecosystem types?
METHODS

Study Area
This research was conducted in tidal saline wetlands within Tampa Bay, Florida, USA during June-August 2010. Tampa Bay is Florida's largest open-water estuary and is located along the Gulf of Mexico coastline in the west-central portion of the state (Figure 1 ). Tampa Bay is a subtropical estuary that contains both mangrove forest and salt marshdominated tidal saline wetlands. However, mangrove forests are more common than salt marshes in Tampa Bay; Lewis and Estevez (1988) estimated that only 20% of Tampa Bay tidal wetlands were dominated by salt marsh species. Our sites were located along the southeastern shoreline of the estuary (Figure 1 ) in Hillsborough and Manatee Counties. Sites spanned the following latitudes (N) and longitudes (W): 27.519°-27.835°and 82.673°-82.391°, respectively.
Experimental Design
Our experimental design utilized a chronosequence approach (that is, space-for-time substitution; Pickett and Ostfeld 1989) to investigate ecosystem development after tidal wetland creation. We selected nine created tidal wetlands that together form a twenty-year chronosequence , as well as nine mangrove wetland ecosystems to represent the natural reference sites for our created wetlands (Table 1 ; see Figures 2, 3 for before and after wetland creation aerial photos and photos of soil and vegetation change along the chronosequence, respectively). To account for spatial variability within the study region, each of the nine natural reference wetland sites was located in close proximity to a created wetland site (Figure 1 ). At each of the 18 sites, we established three 100-m 2 plots, and, within each 100-m 2 plot, we randomly located two 4-m 2 subplots, three 1-m 2 subplots, and three 0.25-m 2 subplots, each designated for a specific suite of soil and/or vegetation measurements.
Vegetation
Within each of the three 100-m 2 plots at each site, vegetation measurements were conducted for three strata: the herbaceous layer, the juvenile mangrove tree layer, and the adult mangrove tree layer. For the herbaceous layer, we measured species-specific percent cover in each of the three 1-m 2 subplots randomly located within each 100-m 2 plot. We quantified herbaceous aboveground biomass and stem density within each 100-m 2 plot via a single composite sample consisting of aboveground clipplots from each of the three 0.25-m 2 subplots randomly located within each 100-m 2 plot. For the juvenile mangrove tree layer (defined as individuals whose height was greater than 0.3 m but smaller than 3 m), we measured the height of each individual typically within the two randomly established 4-m 2 subplots within each 100-m 2 plot. However, at many of the created wetlands, the juvenile mangrove tree densities were so high that logistical constraints prevented us from obtaining juvenile mangrove tree measurements within the 4-m 2 subplots and measurements were instead taken in the 1-m 2 subplots. To verify that the densities measured in these 1-m 2 subplots were indicative of measurements in the 4-m 2 subplots, we measured and compared the densities present within both subplot sizes for 33% of the juvenile mangrove tree data collected from 1-m 2 subplots and determined a strong relationship between juvenile mangrove tree density measurements in the two subplot sizes (R 2 = 0.90; P < 0.0001). For the adult mangrove tree layer, we measured the diameter at breast height (DBH) of each individual adult tree (defined as individuals with a DBH of at least 6 cm) present within each 100-m 2 plot.
Soil
Within each of the three 100-m 2 plots at each site, we collected a total of four soil cores to 30-cm depth using a customized stainless steel split-coring cylinder (diameter: 4.7 mm; cylinder was split horizontally and a piano hinge was attached to facilitate opening and closing). Each 30-cm core was stratified into two sampling depths: 0-10 cm and 10-30 cm. One of the four cores was collected solely for bulk density determination, and three additional cores were collected and composited for all other analyses (the latter cores are referred to as multi-analysis cores). The multi-analysis cores were collected from within a 1-m buffer surrounding each of the three randomly located 1-m 2 subplots within each 100-m 2 plot (that is, one core was collected per 1-m 2 subplot buffer; total of three multi-analysis cores collected per 100-m 2 plot). Sections from the three multi-analysis cores were pooled into two depth-specific composite samples for each 100-m 2 plot (that is, one 0-10 cm composite sample and one 10-30 cm composite sample). Soil samples were stored on ice after extraction, refrigerated ($4°C) until transport, and transported on ice to the U.S. EPA Gulf Ecology Division (Gulf Breeze, Florida). Soil bulk density was determined as a simple dry weight to volume ratio (Blake and Hartge 1986) . Soil moisture was determined via water loss upon drying. Soil pH was measured on a field-moist fraction. Prior to all other analyses, the multi-analysis samples were sieved (4-mm mesh), dried, and homogenized with an analytical mill. Soil total C (TC) and total nitrogen (TN) were measured via dry combustion (McGill and Figueiredo 1993; Tiessen and Moir 1993) . Soil organic matter (SOM) was determined via loss on ignition (Karam 1993) . Soil particle size distribution (that is, percent sand, silt, and clay content) was measured via laser diffraction (Eshel Ecosystem Change After Mangrove Wetland Creation It is possible that part of this site was once a mangrove wetland or an area with open water prior to being converted to an upland via dredge and fill; hence, the term ''wetland restoration'' could be appropriate. However, our soil data ( Figure 5 ) indicate that the post-construction soil conditions at this site were more similar to created wetland soils (that is, very little organic matter, high bulk densities, high sand content) and we chose to use the term ''wetland creation''.
and others 2004). The soil TC, TN, pH, and particle size analyses were conducted by the Watershed Diagnostics Research Branch of the U.S. EPA's MidContinent Ecology Division.
To determine soil C and N accumulation rates, we quantified the relationship between site age and soil C and N pools in the top 10 cm of created mangrove wetlands. The rate of change in the resultant equations represents the C and N accumulation rates (g m -2 y -1 ) within the upper soil layer of created mangrove wetland sites. Note that one created wetland site (Bishop Harbor, a 2-year old site) was treated as an outlier and excluded from the C accumulation calculations due to an abnormally high initial TC pool (3270 ± 630 g m -2
) which was likely due to high inorganic C contributions incorporated into the soil before or during site creation. There was not a deep peat layer present in Bishop Harbor soils and soil samples from the site had very high TC to SOM ratios (mean ± SE = 1.23 ± 0.30) which are indicative of high inorganic C. For comparison, the mean ± SE TC to SOM ratio for all other sites was 0.48 ± 0.02.
Porewater
Within a 1-m buffer surrounding each of the three 1-m 2 subplots associated with a single 100-m 2 plot at each site, an unfiltered 50-ml porewater sample was collected from a depth of 30 cm using a sipper tube apparatus (McKee and others 1988) for in situ pH, salinity, and temperature measurements using a hand-held meter (YSI Model 63, Yellow Springs Instruments Inc., Yellow Springs, Ohio, USA).
Data Analyses
Means ± SE were calculated for all dependent variables for each site (n = 3 per site). We used simple linear and nonlinear regression to quantify soil and vegetation relationships with created wetland site age. Using the resultant regression equations and the natural reference wetland means (that is, mean of nine natural reference sites), we calculated the amount of time required for a created wetland to become equivalent to a natural mangrove wetland (time to equivalence or t eq ) for each ecosystem property. The starting point for our time to equivalency calculations is the moment that tidal wetland creation activities were completed. To determine the effect of wetland type and soil depth upon soil properties, we used ANOVAs that included wetland type (created or natural), soil depth (0-10 cm or 10-30 cm), and their interaction. We used Spearman rank correlations to assess bivariate relationships between soil, porewater pH, and vegetation measurements. We quantified multivariate relationships between plant and soil properties using principal components analyses (PCA) of the following two data matrices: (1) a site by soil matrix that contained site-level soil physicochemical data (that is, bulk density, SOM, sand content, pH, TC, TN, moisture content); and (2) a site by vegetation matrix that contained site-level herbaceous, juvenile mangrove tree, and adult mangrove tree data (that is, the following plant structural measurements: Spartina alterniflora biomass, S. alterniflora stem density, juvenile mangrove tree height, juvenile mangrove tree density, adult mangrove tree diameter, adult mangrove tree density). To improve normality, we log-transformed the following variables prior to PCA: S. alterniflora biomass, S. alterniflora stem density, juvenile mangrove tree density, and juvenile mangrove tree height. We tested for significant axes via broken-stick model eigenvalue comparisons. ANOVAs and Spearman rank correlations were conducted using SAS Version 9.1.3 (SAS Institute, Cary, NC, USA). PCA was conducted using PC-ORD Version 5.10 (MjM Software Design, Gleneden Beach, OR, USA.; McCune and Grace 2002) .
Finally, we developed a simple model for evaluating the amount of time and area required for C burial in restored and created mangrove wetlands to compensate for C burial lost due to past mangrove wetland losses using the following data: (1) global mangrove forest loss estimates (Spalding and others 2010) ; (2) the global mean C burial rate from natural mangrove wetlands (Mcleod and others 2011) ; and (3) the C burial rate determined from this study.
RESULTS
Vegetation Change After Mangrove Wetland Creation and Differences Between Created and Natural Mangrove Wetlands
Across the 20-year created wetland chronosequence, the vegetation transitioned from a planted herbaceous layer dominated by S. alterniflora to a mangrove forest community dominated by Rhizophora mangle, Laguncularia racemosa, and/or Avicennia germinans. Whereas the natural reference wetlands contained mangrove forests with no herbaceous layer, the younger created wetlands (<5-years-old) had an herbaceous salt marsh layer that was dominated almost entirely by S. alterniflora (Figure 4 ; compositional data not shown). Aboveground biomass and stem density of S. alterniflora in the created wetlands was highest during the first 5 years, but S. alterniflora was absent from all sites by about the 13th year, decreasing with increasing site age simultaneously with the increase in height and density of juvenile mangrove trees (Figure 4 ). Percent cover of S. alterniflora exhibited a similar site-age relationship as that of S. alterniflora biomass and stem density (data not shown; R 2 = 0.89 and 0.89, respectively). Time to equivalence for both S. alterniflora biomass and stem density in the created wetlands was estimated to be 13 years (Figure 4) . Natural recruitment of mangrove individuals was initially high and the density and height of juvenile mangrove trees increased with site age during the first 5 and 15 years, respectively (Figure 4 ). Time to equivalence for juvenile mangrove tree height and juvenile mangrove tree density in the created wetlands was estimated to be 21 and 17 years, respectively (Figure 4 ). Density and diameter of adult mangrove trees increased rapidly in the second decade of the chronosequence but had not yet become equivalent to natural mangrove forests; time to equivalence for adult mangrove tree diameter and density was estimated to be 25 and 55 years, respectively (Figure 4 ).
Soil Change After Mangrove Wetland Creation and Differences Between Created and Natural Mangrove Wetlands
Across the 20-year created wetland chronosequence, a peat layer developed in the upper 10-cm of soil (Figures 3, 5) . Upper soil layers of created wetlands exhibited a significant relationship between all of the soil properties we measured and site age; whereas bulk density and sand content in the upper layer decreased with site age, moisture, SOM, TC, and TN increased with site age ( Figure 5 ). Calculated times to equivalence (years) for soil properties in the upper soil layer of created wetlands were as follows: bulk density (25), sand content (18), moisture content (28), SOM (20), TC (20), and TN (19) ( Figure 5 ). Soil C and N accumulation rates in the upper layer of created mangrove wetlands were calculated to be 218 and 13 g m -2 y -1 , respectively ( Figure 6 ). For the lower soil layer of created wetlands, there was no relationship between the soil properties we measured and site age (that is, no soil change in the lower-layer across the 20-year chronosquence; Figure 5 ).
For both types of wetlands (that is, created and natural), soil properties in the upper soil layer (0-10 cm) differed from those in the lower soil layer (10-30 cm); soil from the upper layer had lower bulk densities, lower sand content, higher moisture content, higher SOM, higher TC, and higher TN (Table 2; Figure 5 ). When compared collectively (that is, created versus natural reference wetlands, independent of site age), created wetlands differed from natural reference wetlands for every soil property we measured within both the upper and lower soil layers; created wetland soils had higher bulk densities, higher sand content, lower moisture content, lower SOM, lower TC, lower TN, and higher pH (Table 2; Figure 5 ).
Porewater Differences Between Created and Natural Mangrove Wetlands
There was no significant relationship between created wetland site age and porewater salinity, temperature, or pH (data not shown). However, created wetlands had significantly higher porewater temperatures and pH relative to natural Ecosystem Change After Mangrove Wetland Creation reference wetlands; the mean porewater temperature for created and natural reference wetlands was 30.6 ± 0.5 and 28.7 ± 0.5°C, respectively (P < 0.05), and the mean porewater pH was 6.64 ± 0.03 and 6.15 ± 0.07, respectively (P < 0.001). There was no significant difference between porewater salinity in the created and natural reference wetlands (30.0 ± 1.3 and 32.9 ± 2.3 ppt, respectively; P = 0.29).
Coupled Plant and Soil Change Across the 20-Year Chronosequence
A PCA of the site by soil data matrix produced one significant axis (referred to as Soil-PC1) that accounted for 83% of the variance and was strongly related to soil bulk density, pH, sand content, moisture content, SOM, TN, and TC (eigenvectors: 0.40, 0.31, 0.34, respectively) . The PCA of the site by vegetation structure data matrix produced one significant axis (referred to as Vegetation-PC1) that accounted for 60% of the variance and was strongly related to S. alterniflora biomass, S. alterniflora stem density, juvenile mangrove tree height, juvenile mangrove tree density, adult mangrove tree diameter, and adult mangrove tree density (eigenvectors: 0.47, 0.47, -0.02, 0.30, -0.49, and -0.49, respectively). A biplot of these two soil and vegetation principal component axes site scores illustrates the strong relationship between site soil and vegetation properties as well as the simultaneous soil and vegetation change that occurs across the 20-year chronosequence (Figure 7 ). Spearman correlations also highlight the strong relationships between vegetation structure and the soil and porewater properties; notably, all vegetation Figure 4 . Site-level plant structural characteristics for created and natural reference wetlands (mean ± SE). For the created wetlands, site structural properties are shown relative to site age. For significant structure-age relationships, the strength of the relationship and the time to equivalence (t eq ) are shown. Asterisk represent level of significance: *P < 0.05; **P < 0.01; ***P < 0.001. parameters were well correlated with soil OM, TC, TN, and bulk density (Table 3) .
DISCUSSION
The intent of wetland restoration and creation is often to replace ecosystem functions and services that were lost during wetland degradation or conversion to other land uses. Many wetland restoration and creation efforts are implemented with the assumption that once a site is restored or created, it will develop along a predictable trajectory and become equivalent to a natural wetland at some point in the future for a particular suite of ecosystem Figure 5 . Site-level soil physical and chemical properties for created and natural reference wetlands at two depths (0-10 cm and 10-30 cm; mean ± SE). For the created wetlands, site soil properties are shown relative to site age. For significant soil-age relationships (0-10 cm), the strength of the relationship and the time to equivalence (t eq ) are shown. For non-significant soil-age relationships (10-30 cm), the time to equivalence is unknown. For both wetland types, soil properties in the upper soil layer (0-10 cm) differed significantly from the lower soil layer (10-30 cm). NS not significant. Asterisks represent level of significance: *P < 0.05; **P < 0.01; ***P < 0.001. functions or services. However, many restoration and creation efforts do not follow predicted trajectories or are nonlinear (Zedler 1996; Zedler and Callaway 1999; Matthews and Spyreas 2010; Hossler and others 2011) , and where a trajectory is present, ecosystem properties typically develop differentially (Zedler 2000; Craft and others 2003) . For example, whereas processes linked to hydrology can be restored relatively rapidly with proper design (for example, within the first year) (Craft and others 2003; Lewis 2005) , soil-dependent properties and processes often require much more time to reach equivalency (for example, decades, centuries) (Craft and others 2003; Ballantine and Schneider 2009; Hossler and Bouchard 2010) . Furthermore, the rate and trajectory of ecosystem development also varies due to wetland type, landscape position, land-use history, and site-specific starting conditions (Bedford and others 1999; Zedler 2000; Ballantine and Schneider 2009) . In this study, we quantified the rate and trajectory of soil and vegetation change following mangrove wetland creation in Tampa Bay, Florida.
Mangrove Establishment After Wetland Creation: the Transition from Salt Marsh to Mangrove Forest and the Potential Role of Positive Interactions
Due to their position at the land-sea interface, mangrove ecosystems are governed by highly stressful and dynamic abiotic conditions (for example, fluctuating anaerobic/aerobic soils; variable salinity; submergence/desiccation; moving water). These extreme conditions greatly influence the establishment and development of mangrove plant communities (Krauss and others 2008) , and many mangrove wetland restoration efforts have failed due to poor survival and growth of mangrove individuals that were planted at inappropriate tidal elevations and/or in excessively stressful conditions (Lewis 2005 (Lewis , 2009 ). Several studies have suggested that, once the appropriate hydrologic regime is established (see Lewis 2005) , mangrove wetland restoration efforts are likely to benefit from the incorporation of positive biotic interactions that alleviate stressful conditions impacting plant The comparisons shown in this table do not account for site age. The two columns on the right show ANOVA F statistics with asterisks to represent level of significance: *P < 0.05; **P < 0.01; ***P < 0.001. The interactions between wetland type and soil depth were not significant. In Tampa Bay, several reports have indicated that, during mangrove wetland restoration and creation, planted native salt marsh grasses (primarily S. alterniflora) can facilitate mangrove recruitment and establishment once the appropriate hydrology is established (Lewis and Dunstan 1975; Lewis 1982 Lewis , 1990 Crewz and Lewis 1991; Lewis and others 2005; Shafer and Roberts 2008; Smith and others 2009) . The starting conditions at our study sites were S. alterniflora-dominated marshes within which mangrove recruitment and growth occurred naturally; hence, our study quantifies the transition from salt marsh to mangrove forest via natural recruitment in a restoration or creation context. Across the 20-year chronosequence, the vegetation transitioned from a planted herbaceous layer dominated by S. alterniflora to a mangrove forest community dominated by R. mangle, L. racemosa, and/or A. germinans. The planted salt marsh layer was abundant and dominant at younger sites but absent from older sites, presumably due to shading as a mangrove tree canopy developed. Natural mangrove recruitment was high and juvenile mangrove tree density and height increased initially but then began to decrease as the adult mangrove tree layer developed. In contrast, the density and diameter of adult mangrove trees were still increasing in the second decade of the chronosequence, providing evidence that, despite a positive trajectory, these created mangrove forests are not yet fully developed. As individual adult trees become more mature and dominant, the mangrove forest should begin to self-thin and adult tree densities should decline (Fromard and others 1998; Bosire and others 2008; Alongi 2011) . In a study of eighteen mangrove mitigation wetlands in Florida with ages ranging from 13-to 23-years-old, Shafer and Roberts (2008) noted similar results; despite a positive plant community developmental trajectory, they found 
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Notes: a = 0.05. NS not significant. Column and row abbreviations are as follows: Sand soil sand content, moisture soil moisture content, SOM soil organic matter, TN soil total nitrogen, TC soil total carbon, BD soil bulk density, Spa Bio Spartina biomass, Spa Dens Spartina stem density, Juv Dens juvenile tree density, Adult Diam adult tree diameter, Adult Dens adult tree density, Pore pH porewater pH, Pore Temp porewater temperature, Pore Sali porewater salinity.
smaller forest canopy heights, smaller basal areas, and higher stem densities in mitigation sites than in natural mangrove forests. Experimental studies testing the true efficacy and mechanisms responsible for S. alterniflora facilitation of mangrove forest development have not yet been conducted. In certain environments, S. alterniflora can compete with mangrove seedlings (McKee and Rooth 2008; Smith and others 2009; Zhang and others 2012) . Also, where positive interactions with nurse plants have been documented, the results may be species specific to both the nurse plant (for example, Batis, Distichlis, Sesuvium, Spartina spp.) and the mangrove species (McKee and others 2007a) , strongly suggesting that region-specific screenings of potential facilitating species be undertaken to ensure maximum restoration success. Finally, positive effects on mangrove recruitment may arise from interactions with other organisms that are difficult to distinguish from S. alterniflora effects, such as those of burrowing Uca spp. (that is, fiddler crabs; Bertness 1985) . At a created wetland site in Tampa Bay that utilized S. alterniflora as a nurse plant, Smith and others (2009) determined that mangrove seedling growth was more enhanced by fiddler crab burrowing.
Soil Change After Mangrove Wetland Creation: Peat Development and Comparisons Between Natural and Created Mangrove Wetlands
Wetland soils provide the physicochemical substrates that maintain biotic communities (for example, microbes, plants, detritivores) and support biogeochemical processes directly related to important ecosystem services (for example, C storage, N removal) (Brady and Weil 1996; Reddy and DeLaune 2008) . Natural wetland soils are usually very C-rich relative to upland and marine ecosystems; although wetlands cover less than 10% of the earth's terrestrial surface (Zedler and Kercher 2005; Mitsch and Gosselink 2007) , wetland soils contain roughly one-third of the global soil C pool (Mitsch and Gosselink 2007) . However, there are often large differences between restored, created, and natural wetland soils, and many studies in diverse wetland types indicate that it typically takes much time (for example, decades, centuries) for created and restored wetlands to develop soil properties that are equivalent to natural wetlands (Craft and others 2003; Ballantine and Schneider 2009; Hossler and Bouchard 2010; Hossler and others 2011) . Because various international, federal, and state regulations stipulate that, in a mitigation context, created and restored wetlands should be functionally equivalent to the natural wetlands they replace, the slow rate of soil functional and structural development following creation and restoration has caused concern (Bruland 2004; Hossler and Bouchard 2010; Hossler and others 2011) . Much of this discussion has centered on the equivalent development of SOM and C-dependent soil properties. SOM is a good indicator of soil quality and often a good bulk proxy for biogeochemical properties (Brady and Weil 1996; Bruland and Our primary soil-focused study objectives were to compare soil properties in created and natural mangrove wetland ecosystems and to quantify the rate and trajectory of post-creation soil development with an emphasis on soil properties indicative of peat development (that is, SOM, TC, TN, BD). Mangrove wetlands have tremendous potential for soil C accumulation and storage due to high productivity and slow decomposition (Alongi 2009; Mcleod and others 2011) , and, given the literature on relatively rapid plant-driven soil change in mangrove wetlands (Middleton and McKee 2001; McKee and others 2007a; McKee 2010) , we expected that soil development after mangrove wetland creation might be more rapid than in other created wetland types.
Although our data support a positive developmental trajectory in the upper layer (0-10 cm) of created wetland soils, our data also quantify important differences between created and natural reference site lower soil layers. Literature values for peat layer thickness in natural mangrove wetlands within our study region range between 15 and 90 cm (Hyde and Huckle 1983; Doolittle and others 1989) . At the nine natural reference wetland sites in this study, the peat layer was typically between 25 and 50-cm thick (Figure 3 ; MJO, unpublished data). In contrast, the initial soils present at the created wetland sites in our study (that is, the younger created wetlands) were characteristic of upland soils or dredge spoil with no peat layer, higher bulk densities, higher sand content, lower SOM, and lower TN and TC (Figures 2, 5, 6 ; Table 1 ). In the Tampa Bay region, created tidal wetlands are typically established by removing the upper layer of upland soil or dredge spoil and grading the site until the appropriate tidal elevation is reached. Hence, the initial soils at created wetland sites are typically upland soils and/or dredge spoil. Across the chronosequence represented by our sites, a peat layer eventually developed in the Ecosystem Change After Mangrove Wetland Creation upper 10-cm of soil; by year 20, the soil properties we measured in the upper layer of the created sites were equivalent to soil properties within the upper layer of the natural reference wetlands (that is, equivalent SOM, TC, TN, bulk density, sand content, moisture content; Figures 2, 5) . Coupled plant and soil changes were clearly evident (Figure 7 ; Table 3 ), and we expect that mangrove forest growth was the driver of the rapid soil change observed in the upper soil layer. Most of the soil change occurred in the second decade of the chronosequence simultaneously with adult mangrove tree growth. Adult mangrove tree variables were strongly correlated with SOM, TN, TC, and bulk density, and our multivariate analyses indicated that more mature soil characteristics (that is, greater peat development) were closely tied to mangrove forest development.
However, soil change in the upper layer did not extend far into the lower soil layer (10-30 cm); there was no age-related trajectory for soil properties in the lower soil layer of created mangrove wetlands, and the differences between the lowerlayer soil properties in created and natural reference wetland sites were large (that is, at the created wetlands: more sand, higher bulk densities, lower SOM, lower % moisture, higher porewater temperatures, lower TC and TN). Porewater temperature and pH differences between the created and natural wetland sites in our study were also large (that is, higher temperatures and pH at the created wetlands, presumably due to increased solar exposure and lower organic matter, respectively). In a study conducted in southwest Florida, McKee and Faulkner (2000) also noted soil and porewater physicochemical differences between restored and natural mangrove wetland sites and highlighted the importance of establishing the appropriate hydro-edaphic conditions for restoring forest structural properties and biogeochemical functions (for example, carbon and nitrogen cycling). In a study conducted in western Mexico, Vovides and others (2010) found that nitrogen fixation rates were similar in restored and natural mangrove wetland soils. Additional research is needed to: (1) determine if and when properties of the lower soil layer of created mangrove wetlands will become equivalent to natural reference mangrove wetlands; and (2) assess the functional implications of lower soil layer and porewater differences between created and natural mangrove wetlands.
Due to the high rate of C burial in natural mangrove wetlands (Mcleod and others 2011) , there has been interest in the potential for rapid C accumulation and longer-term C sequestration (Craft and others 1999) . We stress that the rate of soil C and N accumulation in created and restored mangrove forests will likely change as mangrove forests mature (Odum 1969; Alongi 2011) , and additional studies are needed to better quantify the spatial and temporal variability in soil C and N accumulation. Interestingly, our soil N accumulation results support data from a greenhouse experiment indicating high soil N enrichment after mangrove colonization of sandy substrates (Inoue and others 2011) .
Our results indicate that the time to equivalence for the soil C pool in the upper 10-cm of created mangrove wetlands can be relatively rapid ($20 years) and faster than most other wetland types. For comparison, we present estimates of the amount of time for soil C pools to become equivalent to natural reference wetlands in several other wetland types: created brackish marshes in NC (70-90 years) (Craft and others 2002) , restored freshwater marshes in New York (>55 years) (Ballantine and Schneider 2009 ), created freshwater marshes in Ohio ($300 years) (Hossler and Bouchard 2010) , created salt marshes in Louisiana ($32 years) (Edwards and Proffitt 2003) , and created herbaceous wetlands in Virginia ($7 years) (Wolf and others 2011) . Our results coincide with a meta-analysis of wetland restoration outcomes which found that wetland ecosystem recovery can be more rapid in warmer climates and in wetlands that are linked to tidal or riverine flows (Moreno-Mateos and others 2012). Although the rate of upper soil layer development in this study was faster than in many other wetland types, the rate of development is still slow relative to the time frames utilized in most regulatory or environmental management settings (Zedler 1996; Hossler and others 2011) .
Compensating for the Loss of C Burial in Natural Mangrove Wetlands via Mangrove Wetland Creation or Restoration: How to Evaluate Replacement Scenarios?
Can the C burial potential of created or restored mangrove wetlands be used to compensate for C burial losses due to prior mangrove wetland losses? If so, how much area and time would be required? Here, we present a simplistic approach to answering these questions with the caveat that we focus solely on C burial and do not include other components of the C cycle (for example, gas efflux due to peat decomposition) or other ecosystem services provided by mangrove wetlands. A holistic approach to compensatory calculations would include and bundle several ecosystem functions and services together. Given these caveats and assuming that: (Mcleod and others 2011), we estimate that the amount of C burial that has not occurred due to mangrove wetland loss in the 31 year period between 1980 and 2011 is 165 Tg C. The future (that is, post-2011) annual C burial that these lost mangrove wetlands (that is, the cumulative mangrove area lost between 1980 and 2011: 42,500 km 2 ) would have supported is 9.6 Tg C y -1 . Using these values in combination with the rate of soil C burial in created mangrove wetlands of 0.000218 Tg C km -2 y -1 from this study (Figure 6 ), we evaluated the following replacement scenarios: (1) a 1:1 ratio (that is, wetland area created: wetland area lost) which includes 42,500 km 2 of created mangrove wetland habitat; (2) a 1.5:1 ratio which includes 63,750 km 2 of created mangrove wetland habitat; and (3) a 2:1 ratio which includes 85,000 km 2 of created mangrove wetland habitat. Due to the large initial deficit in C burial from prior mangrove wetland losses and the similar annual C burial rates in created and natural mangrove wetlands, our results indicate that the 1:1 replacement ratio will never make up for past mangrove wetland losses; however, our calculations indicate that the 1.5:1 and 2:1 replacement ratios will make up for the C burial deficit in 37 and 19 years, respectively (Figure 8 ).
Our evaluation of replacement ratios are included solely to present an initial (but still incomplete) approach for developing compensatory calculations for C burial losses associated with mangrove wetland loss and mangrove wetland creation and/or restoration. The C burial rate used for created mangrove wetlands in these calculations comes solely from this study and is based on mangrove wetlands within a single geographic region near the northern distribution limit for mangroves; mangrove wetlands in different geomorphic settings, different hydrological or climatic regimes, and of different successional classes would likely have different rates of C burial (Alongi 2011) . Thus, additional studies are needed to better quantify the global potential for and range of C burial in created and restored mangrove wetlands. Of tremendous importance is the fact that our calculations do not include CO 2 and CH 4 effluxes due to peat decomposition after mangrove wetland conversion to other land uses. Due to the large amount of C buried in mangrove wetland peat, CO 2 and CH 4 effluxes associated with decomposition of cleared, converted, and/or disturbed mangrove wetland peat Figure 8 . Relationship between C burial deficit due to past mangrove wetland losses and potential future C burial gain due to three different mangrove wetland creation replacement scenarios. Replacement ratios refer to the ratio of mangrove wetland area created to mangrove wetland area lost. The intersection nodes identify when the C burial gain of a given replacement scenario has become equivalent to the C burial deficit due to past mangrove losses.
can be high (Strangmann and others 2008; Lovelock and others 2011) , and we expect that the inclusion of peat decomposition (that is, greenhouse gas production) in these scenarios would require that a larger replacement ratio and/or longer time period be required for C burial compensation.
CONCLUSIONS
Our results quantify the rate and trajectory of ecosystem development in created mangrove wetlands. Across a 20-year chronosequence, the vegetation transitioned from a planted S. alterniflora salt marsh community to a naturally recruited mangrove forest. Our data highlight key differences between the ecosystem properties present in created and natural mangrove wetlands (for example, lower soil layer physicochemical properties, mangrove forest structure) indicating that ecosystem development in created wetland sites with respect to vegetation and soil equivalency is not yet complete. However, our results also quantify a positive developmental trajectory that reflects tightly linked and relatively rapid plant-soil change (that is, mangrove forest development occurring simultaneously with upper soil layer peat development, C and N accumulation, bulk density change). Ecosystem development in created mangrove wetlands may be faster than in many other wetland ecosystem types but still slower than timescales envisioned within most regulatory or environmental management settings. Interestingly, the rate of soil carbon accumulation across the 20-year chronosequence was very close to the global mean for natural mangrove wetlands. Of course, longer-term studies within individual sites and/or the inclusion of a greater number of differentially aged sites (particularly older sites) would improve our estimates of the rate of trajectory of ecosystem development following mangrove wetland creation. Collectively, our findings help characterize the rate and trajectory of above-and belowground changes associated with mangrove forest development in created wetlands and provide valuable information to environmental managers planning to sustain existing mangrove wetlands or mitigate for past/ future mangrove wetland losses.
